Carbon dioxide euthanasia is an established method for the term ination of small laboratory anim als. It has also been employed by the authors in neurobiological research on the postmortem glutam ate concentration in the structures of rat brains. T he following investigations were aim ed at optimizing the term ination procedure based on the CO 2 saturation rate of the inhaled air. Two rates of CO 2¯o w were applied, and the higher one signi®cantly augmented the glutam at e level in the hippocampus and cerebellum. T he relationship between this ®nding and signs of central fear reaction is discussed. T he authors conclude that lower rather than higher CO 2¯o w in euthanasia procedures is gentler and is therefore preferable for use with laboratory animals.
Research carried out previously by the authors has revealed the possibility of a post-mortem evaluation of a very short (15 s) aversive sensory stimulation im mediat ely preceding death. T he method employed involved assay of the glutam ate concentration in the homogenates of hippocam pus and cerebellum of rats (Gos e t a l. 2001 ).
T his research also uncovered the possible existence of a post-mortem differenti ati on of the modality of such stim ulation, which we found through biochemical assay of glutamat e concentration in the rat cerebellum. Among the applied stim uli, the ®rst of three, nam ely mechanical (tac tile), acoustic and optical stimuli, dom inated, most probably owing to the strength of the unconditioned aversive stimulus. Its application was accompanied by motor activat ion of the animals. T his suggested that the increased glutam ate level in the cerebellum was due to its involvement in a motor reaction.
T he role of the cerebellum in central emotional reactions, apart from motor act ivity regulati on, has drawn att ention of late, particularly as a result of investigations carried out in human brain research with advanc ed imaging techniques (Lane e t a l. 1997 , Schmahm ann & Sherman 1998 . As part of the central fear reaction system, the cerebellum is particularly involved in the forming of working memory and in the modulation of sensory input to the central nervous system (CNS) (Middlet on & Strick 1997, Sobel e t a l. 1998 ).
T he well-established paradigm applied in the anim al model evokes classical behavioural fear reactions (LeDoux 1998 ). Its ®rst stages, i.e. when the subject acts start led, is disoriented, and freezes, take place with lim ited locomotion (LeDoux 1998). One of the documented stimuli which causes unconditioned fear is asphyxia (Graeff e t a l. 1996). T his leads to the activation of periaqueduct al gray, which is responsible for the freezing component of the fear reaction (Graeff e t a l. 1996, LeDoux 1998). T he involvement of the cerebellum in the reaction to asphyxia cannot be excluded, due to its involvement in the ventilatory regulation process (Nattie 1999 ) .
T his body of research proves that CO 2 applied appropriat ely in euthanasia procedures does not evoke visible signs of distress and fear in rodents, as a result of its anaesthetic and narcotic properties (Hewett e t a l. 1993, Mischler e t a l. 1994, Danneman e t a l. 1997, Smith & Harrap 1997 , Kohler e t a l. 1999, Hackbarth e t a l. 2000 ).
T hus it cannot be responsible for evoking the classical course of asphyxia (Ho Ègyes 1876, Brinkmann e t a l. 1981, Suzuki 1996 ) . Nevertheless, it is responsible for evoking painful sensations and fear in animals, and human subjects as well (Concas e t a l. 1993, Danneman e t a l. 1997, Bystrit sky e t a l. 2000 ).
T he basic objective of the following study was to optim ize the applied termination procedure in view of these research results.
Materials and methods

Sub je c ts
Twenty-four healthy young male Wistar rats, 12 weeks old, weighing 200±250 g were acquired from Laboratory Animal Breeding Ltd., Teresa Gorzkowska, Warsaw, Poland. T hey were maintained by the breeder under conventional conditions.
After their arrival the rat s were housed in an isolated room in groups of four in standard wire cages (size: 42632625 cm ) with a 12 h dark =light cycle (light phase from 07:00 to 19:00 h) at a temperature of 22 2 C and a relative humidity of 40 10% . T hey were fed a standard rodent diet (Labofeed H, Feeds and Concentrates Production Plant, Kcynia, Poland) a d lib itum , containing 22% protein, 4.4% fat and 3% ®bre. T he anim als had free access to tap water via water bottles. T he rats had been conditioned to the housing conditions for one week prior to the beginning of the experiment.
Pro c e d ure
Sixteen hours before the beginning of the trials the rats were randomly paired in two plastic chambers with transparent walls (size: 41628618 cm ) and with a movable lid. T he rats remained in these separate chambers under similar conditions. T he next morning, compressed CO 2 was infused through four plastic pipes installed in the bottom part of the cham ber walls. All the equipment was identical in both chambers. T he gas was delivered from a third adjac ent chamber.
T he CO 2 saturat ion rate in the inhaled air was controlled using an infrared analyzer (LIR A 202, Mine Safety Appliances Company, USA). For the animals in Group I (see: Tabl e 1), the saturation of 20% , 40% , 60% and 80% was measured after, respectively, 0.27, 0.33, 2.03 and 4.43 min. For the animals in Group II these saturati on levels were obtained after, respectively, 2.97, 3.43, 4.13 and 6.3 min. T he ®rst higher¯ow rate was comparabl e with that which had been applied in previous experiments and was deemed acceptable for the CO 2 euthanasia of rodents (Sm ith & Harrap 1997, Hackbart h e t a l. 2000 ). T he¯ow for the second group of animals was chosen empirically in the view of fact that 5±8% CO 2 exerts a sedative effect, 10±12% a loss of consciousness, and 25±30% subcortical depression (Danneman e t a l. 1997 ). T he level of noise in the chamber caused by the infusion of CO 2 was measured by an acoustic analyzer Swan 910, and no differences between both ®lling procedures were found.
Time was measured from the moment CO 2 was infused into the chamber until the deat h of each subject. During the entire termination procedure, the behaviour of the subjects was observed from a neighbouring room. Special attention was paid to visible signs of pain and distress, as listed in`Recommendations for euthanasia of experimental animals: Part 1' (Close e t a l. 1996 ). T he time at which postural control was lost was recorded, as was the time at which the subjects became completely motionless, the lat ter being regarded as the time of death. Once death was con®rmed, each subject was decapitated and its brain dissected on ice. First, the cerebellum was removed. T hen the anterior parts of the frontal lobes were dissected on the level of bregma 3.2 in accordance with Paxinos and Watson coordinates (Paxinos & Watson 1998 ) and collected for the glutam ate assay aft er the removal of their basal parts at the level of the rhinal ®ssures. T he collected parts were regarded as the prefrontal cortex (PFC ). Next, the am ygdala and hippocam pi were isolated. T he structures thus obtained were weighed and placed in liquid nitrogen using a Dewar CP65 container (Tayl orWharton, USA). T he whole procedure from the con®rmation of death until the placing of the tissue into the Dewar container did not exceed 5 min. One sam ple of both PFC and hippocam pi from Group I was lost during the glutam at e concentration assay (see Table 1 ).
G luta m a te c o nce ntra tio n a ssa y
Brai n tissue was homogenized manually in 5 ml of ice-cold isolation medium containing 20 mM of Tris-Cl buffer, pH 7.4 and 0.2% Triton X-100. After homogenizat ion, 5 ml of ice-cold 1 M HClO 4 was added, the preparation was well mixed and centrifuged for 10 min at 3000 6g. T he pellet was retained for protein determination. 0.5 ml of 1.9 M K 3 PO 4 was added to 5 ml of the supernatant, the solution was mixed and centrifuged for 10 min at 3000 6g. T he obtained supernatant (50 ml) was used for glutam at e assay using glutam ate dehydrogenase and NAD, following methods described by Bernt and Bergmeyer (1974 ) . In brief, the following reagents were added to 0.6 ml of glyc ine-hydrazin e buffer (0.5 M glyc ine ‡ 0.4 M hydrazine, pH 9.0 ): 50 ml of sample (or 50 ml of H 2 O to blank) obtai ned as described above, 30 ml of 33.5 mM ADP, 60 ml of 27 mM NAD, and 0.21 ml of H 2 O. Samples were mixed and the absorbance was read. T hen, 50 ml (4.5 U =ml) of glutam ate dehydrogenase was added and, after 45 min, the absorbanc e was read again. T he following form ula was used for the calculation of the glutamate concentration: D A glutam ateˆD A sam ple 7 D A blank. In order to determine the protein concentrat ion, the supernatant was dissolved in 12 ml of 1 M NaOH, diluted 10 times with distilled water, and 50 ml was used to determ ine the 
Results
No animal from either group showed any signs of pain, distress or fear until the occurrence of dyspnoea. Symptoms of dyspnoea appeared im mediat ely prior to the loss of postural control, which took place in the chamber with a higher¯ow of CO 2 after 1.5 0.22 min, and in that with a lower¯ow of CO 2 after 5.33 1.84 min. After the loss of postural control in both groups, apnoea appeared and lasted several seconds, followed by terminal respirat ion together with clearly visible regular convulsions of the neck muscles. T hus, there were clear tim e differences between the phases of euthanasia in both groups. Terminal respiratory movements appeared later and their duration was lengthened in the animals exposed to a slower increase in the concentrat ion of CO 2 . T he duration of the term ination procedure for subjects in the compartm ent with a higher¯ow of CO 2 was signi®cantly shorter than for those receiving a lower¯ow of CO 2 (respectively, 2.13 0.31 and 8.82 2.54 min).
T he results of glutam ate concentration assay in the PFC, am ygdala, hippocam pi and cerebellum of anim als from both groups are shown in Table 1 . T he results demonstrate signi®cant differences between the cerebellum following a fast¯ow rat e (127.9 15.7 nmol=mg protein) and the cerebellum following a slower¯ow (105.9 6.4 nmol =mg protein). Such dependence was also observed in hippocampi, but not in the PFC or am ygdala.
Discussion
T hough CO 2 inhalation is a recommended procedure for the euthanasia for small laboratory animals, experimental evidence indicates that an increase in the concentration of CO 2 in the inhaled air is accompanied by symptom s of asphyxia (Woodbury e t a l. 1958 , Forslid e t a l. 1986 , Forslid 1987 , Forslid & Augustinsson 1988 , Coenen e t a l. 1995 , Suzuki 1996 . How soon these symptoms appear is dependent on the CO 2 saturation rate in the inhaled air (Coenen e t a l. 1995, Suzuki 1996) . Sym ptoms of asphyxia are accompanied by excitation, bradyc ardia and changes in the EEG (Woodbury e t a l. 1958 , Forslid e t a l. 1986 , Forslid 1987 , Coenen e t a l. 1995 , Suzuki 1996 . No clear correlation was noted between the observed parameters and the saturation rat e. However, there was a clear difference in cardiovasc ular parameters between the group of animals exposed to the rapid induction of euthanasia and the group with a slow induction (Sm ith & Harrap 1997 ) . No visible signs of fear were recorded in either group of animals. T he course of euthanasia we observed in our experiment with high gas¯ow was generally similar to that seen in previous reports (Smith & Harrap 1997 , Hackbarth e t a l. 2000 ).
However, there was a signi®cant discrepancy in the time lag between the loss of postural control and the cessation of breathing (Smith & Harrap 1997 ) . T his could be related to differences between experimental procedures, because the animals in the model described here were not handled prior to their terminati on. T hus the stress existing immediately before euthanasia could have in¯u-enced the course of death in the procedure reported previously (Sm ith & Harrap 1997 ). T he putative role of stress supports the fact that this discrepancy has not been noted in the model in which the animals were accustomed to handling (Hackbarth e t a l. 2000 ) . Muscle convulsions occurring at regular intervals in the ®nal phase of the term ination procedure have also been observed by other authors documenting the course of CO 2 euthanasia in rat s. However, these convulsions were said to have occurred with no regularity (Coenen e t a l. 1995, Hackbarth e t a l. 2000 ) . It has been established that convulsions are due to the narcotic effect of CO 2 on the CNS, which occurs with the disinhibition of the subcortical activating system s (Woodbury e t a l. 1958 , Forslid e t a l. 1986 , Forslid 1987 . It is generally accepted that the appearance of convulsions indicates the loss of perception of stimuli (Woodbury e t a l.  1958, Forslid e t a l. 1986 , Forslid 1987 , Forslid & Augustinsson 1988 , Coenen e t a l. 1995 , Suzuki 1996 . T he exact nat ure of the CO 2 anaesthetic effect remains obscure, but even in the early works on this topic the possible role of brain amino acids in the phenomenon has been noted (Woodbury & Karler 1960 ) .
T he concentration of glutam ate in the hippocam pi and the cerebella was not the same for both subject groups. In the experimental model applied here, these differences could not be linked to increased locomotory or convulsive activity. However, the putat ive ventilatory response could in¯uence the assayed glutam at e level in the cerebellum (Natti e 1999). T he lack of stat istically signi®cant differences in the levels of glutam ate in the prefrontal cortex and amygdala would seem to support the case again st any generalized metabolic effect connected with, for example, hypoxia. Hypoxia is a commonly accepted factor causing an ef¯ux of glutamat e from the neurones and astrocytes both in vi tro and in vivo (Bakken e t a l. 1998 , Bick ler & Hansen 1998 , Kimura e t a l. 1998 ), but the results of the euthanasia procedure employing relatively slow¯ows of CO 2 make a case against the in¯uence of hypoxia (Hewett e t a l. 1993 ).
Some authors point to the possibility of glutam at e penetrat ing through the bloodbrain barrier under stress conditions (Timmerman & Westerink 1997 , Tim merman e t a l. 1999 . T his theory is not as commonly accepted as the idea that the increase in the concentration of glutam ate could be connected with its increase in synthesis, most probably as a result of the expansion of the neurone transmitter pool (Hertz e t a l. 1999) .
Claim s that an increased permeability of glutam at e through the blood-brain barrier is due to the hypercapnia would seem to be challenged by the ®ndings of this experiment (Pakul ski & Drobnik 1998 ) . However, the in¯uence of the volume of regional cerebral plasm a generated in response to the carbon dioxide could not be ruled out because of the biochemical method which was used (Payen e t a l. 1998).
T he role of the hippocam pus in establishing the relation between stimuli of different modalities, and thus in learning and in spatial memory formation, is well-documented (LeDoux 1998 ). Recently, it was suggested that the lesion of the hippocampus disrupts the freezing component of central fear reactions (McNish e t a l. 1997 ). T he role of the cerebellum has been shown in conditioning the action of the heart, which is one of the peripheral consequences of fear reaction (T hompson & Krupa 1994 ) . T here is conclusive experimental evidence to prove the modulatory anxiogenic effect of CO 2 on GABA A receptors in the PFC, hippocampus, and especially in the cerebellum (Concas e t a l. 1993). Neither amygdala nor PFC possesses such a dense and homogenous glutamatergic innervation as the hippocam pus and cerebellar cortex (Landsend e t a l. 1997 , LeDoux 1998 , Takec hi e t a l. 1998). T he difference could explain the absence of signi®cant increases in the glutamate level of the form er structures.
T here are also other dif®culties in the interpretation of the signi®cance of the level of glutam ate in the brai n tissue, owing to it being an important excitatory neurotransmitter and a metabolit e, and also a direct precursor of GABA (Schousboe e t a l. 1997, Sonnewald e t a l. 1997, Hertz e t a l. 1999 ). T here is experimental evidence to question the role of the extracellular glutamate strictly in glutam atergic transmission (Tim merman & Westerink 1997, Timmerman e t a l. 1999 ). Since glutamate is a valuable energetic substrate, this increase in its concentrat ion could replenish the increased energy demands of the neurones and astrocytes (T immerman & Westerink 1997 , Hertz e t a l. 1999 . It remains open to investigation whether the phenomenon of the reversed carrier-m ediated release of glutam ate from the astrocytes to the synaptic space could be evoked by the hypercapnia (Tim merman & Westerink 1997, Timmerman e t a l. 1999 ).
T his increase in the concentration of glutam at e in brain structures, independent of its role and its source, could be interpreted as the consequence of the higher rate of CO 2 ow into the terminati on cham ber. T he lower CO 2¯o w could be advantageous in euthanasia procedures applied in experimental models in which the glutam at e level is assayed post-mortem in the rat brain structures. A lower CO 2¯o w could help to attenuate the possible risk of artefact .
On the basis of this body of evidence, one cannot ignore the link between high CO 2 ow and fear. Until positively proven otherwise, high CO 2¯o w should not be considered kinder for experimental subjects. T hus in accord with previous reports (Danneman e t a l. 1997 ), it seems advisable to employ the lower rate of CO 2¯o w not only in the aforementioned research models in neurobiology but also in every other case.
